Abstract: Understanding the underlying physics of the binding of small-molecule ligands to protein active sites is a key objective of computational chemistry and biology. It is widely believed that displacement of water molecules from the active site by the ligand is a principal (if not the dominant) source of binding free energy. Although continuum theories of hydration are routinely used to describe the contributions of the solvent to the binding affinity of the complex, it is still an unsettled question as to whether or not these continuum solvation theories describe the underlying molecular physics with sufficient accuracy to reliably rank the binding affinities of a set of ligands for a given protein. Here we develop a novel, computationally efficient descriptor of the contribution of the solvent to the binding free energy of a small molecule and its associated receptor that captures the effects of the ligand displacing the solvent from the protein active site with atomic detail. This descriptor quantitatively predicts (R 2 ) 0.81) the binding free energy differences between congeneric ligand pairs for the test system factor Xa, elucidates physical properties of the activesite solvent that appear to be missing in most continuum theories of hydration, and identifies several features of the hydration of the factor Xa active site relevant to the structure-activity relationship of its inhibitors.
Introduction
Understanding the underlying physics of the binding of smallmolecule ligands to protein active sites is a key objective of computational chemistry and biology. While a wide range of techniques exist for calculating binding free energies, ranging from methods that should be accurate in principle (e.g., free energy perturbation theory) to relatively simple approximations based on empirically derived scoring functions, no completely satisfactory and robust approach has yet been developed. Furthermore, physical insight into the sources of binding affinity is, arguably, as important as computing accurate numbers; as such, insight would be extremely valuable in the design of pharmaceutical candidate molecules.
It is widely believed that displacement of water molecules from the active site by the ligand is a principal (if not the dominant) source of binding free energy. Water molecules solvating protein active sites are often entropically unfavorable due to the orientational and positional constraints imposed by the protein surface, or they are energetically unfavorable due to the water molecule's inability to form a full complement of hydrogen bonds when solvating the protein surface. This leads to free energy liberation when a ligand that is suitably complementary to the active site displaces these waters into bulk solution, thus providing a relatively more favorable environment. Free energy perturbation methods are capable of computing these free energy gains explicitly (within the accuracy of the force field used in the simulations) but are computationally very expensive. Empirical scoring functions require negligible computational effort for a single ligand, but it has proven very difficult to achieve high accuracy and robustness in this way.
"Standard" empirical scoring functions are dominated by lipophilic atom-atom contact terms that reward the close approach of lipophilic atoms of the ligand and protein. Such functions are implicitly attempting to model the free energy gain upon displacement of waters by a given ligand atom, which is presumed to depend upon the hydrophobicity of the protein environment at the location of the ligand atom. Reasonable results can be obtained in a fraction of cases with such an approximation. However, as we have recently pointed out, the simple atom-atom pair term fails to take into account the specific positioning of the hydrophobic groups of the active site. 1,2 In particular, regions that exhibit "hydrophobic enclosure", i.e., are surrounded by hydrophobic protein atoms, provide a much less favorable environment for water molecules than is reflected in additive pair scoring. This argument applies not only to purely hydrophobic cavities but also to regions in which the ligand must make a small number of hydrogen bonds but otherwise is hydrophobically enclosed by protein groups. A new empirical scoring function, implemented in the Glide docking program as Glide XP, 1 incorporates these geometrical factors † Columbia University. ‡ Schrödinger, Inc. and has been shown to substantially improve the ability of the scoring function to separate active and inactive compounds. While the Glide XP model represented a significant improvement as compared to previous empirical approaches, it should be possible to achieve a higher level of detail, and numerical precision, by mapping out the thermodynamics of water molecules in the active site, using explicit solvent simulations and appropriate approximations for the thermodynamic functions. In ref 2, we presented an initial effort in this direction, demonstrating that regions of the active site identified by Glide XP as hydrophobically enclosed dramatically affected the structure and thermodynamic properties of solvating water molecules. In one case, the active site of cyclooxygenase-2 (COX-2), the active site cavity dewetted; in a second, the active site of streptavidin, the solvating water molecules formed an ice-like five-membered ring, incurring a large entropic penalty in order to avoid loss of hydrogen bonds. The thermodynamics of the solvating water in these cases was analyzed via inhomogeneous solvation theory, proposed originally by Lazaridis, 3 which provides an approximate description of the hydration thermodynamics using data from relatively short (∼10 ns) molecular dynamics simulations.
In the present paper, we continue the line of research described in ref 2 by applying the inhomogeneous solvation theory approach to study ligand binding in factor Xa (fXa), an important drug target in the thrombosis pathway, several inhibitors of which are currently in Phase III clinical trials. 4 We use a clustering technique to build a map of water occupancy in the fXa active site, and we assign chemical potentials to the water sites using the inhomogeneous solvation theory discussed above. 2 We then construct a semiempirical extension of the model which enables computation of free energy differences (∆∆G values) for selected pairs of fXa ligands, and we compare the success of this approach with the more standard technique, MM-GBSA. 5, 6 The free energy differences calculated from our semiempirical model are shown to correlate exceptionally well with experimental data (R 2 ) 0.81, reduced to 0.80 after leaveone-out (LOO) validation) via the use of only three adjustable parameters and to substantially out-perform the analogous MM-GBSA calculations (R 2 ) 0.29). We investigated 31 pairs of ligands using data from only a single 10 ns MD simulation, illustrating the high computational efficiency of our methodology. Furthermore, the solvent chemical potential map produced here appears to elucidate features of the known fXa structureactivity relationship (SAR) and would very likely provide a useful starting point for efforts to design novel compounds. An effort to calculate absolute binding free energies for highly diverse ligands displays less accuracy and some over-fitting (as would be expected, since the displacement of water molecules is not the only factor determining binding affinity) but still shows a significant correlation with experimental data for this challenging data set.
Results and Discussion

Mapping of the Thermodynamic Properties of the
Active-Site Solvent. When a ligand binds to a protein, the water solvating the active site is expelled into the bulk fluid. This expulsion of the active-site solvent makes enthalpic and entropic contributions to the binding free energy of the complex. The less energetically or entropically favorable the expelled water, the more favorable its contributions to the binding free energy. The active sites of proteins provide very diverse environments for solvating water. Water solvating narrow hydrophobic enclosures such as the COX-2 binding cavity is energetically unfavorable because it cannot form a full complement of hydrogen bonds. 2 Similarly, water molecules solvating enclosed protein hydrogen-bonding sites are entropically unfavorable since the number of configurations they can adapt while simultaneously forming hydrogen bonds with the protein and their water neighbors is severely reduced. 2 The expulsion of water from such enclosed regions has been shown to lead to enhancements in protein binding affinity. 1 From these observations, we wanted to determine if a computationally derived map of the thermodynamic properties of the active-site solvent could be used to rank the binding affinities of congeneric compounds. We hypothesized that the contributions to the binding free energy of adding a complementary chemical group s i.e., chemical groups that make hydrogen bonds where appropriate and hydrophobic contacts otherwise s to a given ligand scaffold could largely be understood by an analysis of the solvent alone.
Testing this hypothesis requires a method to compute the local thermodynamic properties of the fXa active-site solvent. We utilized data from 10 ns of explicitly solvated molecular dynamics simulations of fXa to sample the active-site solvent distribution for this receptor. We then clustered the active-site solvent distribution into high-occupancy 1 Å spheres, which we denoted as the "hydration sites" of the active-site cavity. Using inhomogeneous solvation theory, we then computed the average system interaction energy and excess entropy terms for the water in each hydration site. Comparing the system interaction energy of the hydration sites with the bulk reference value allowed us to estimate the enthalpic cost of transferring the water in the hydration site from the active site to the bulk fluid. The excess entropy calculated here can be used similarly. We also computed several other descriptors of the hydration site's local environment. More details of these procedures and measurements are given in the Methods section. The data for each hydration site are presented in Table 1 . Figure 1 shows the calculated energies and excess entropies for each of the hydration sites in the fXa binding cavity. Relative to other hydration sites, the hydration sites circled in gray had poor system interaction energies, the hydration sites circled in green had unfavorable excess entropies, and the hydration sites circled in purple had both relatively poor system interaction energies and entropies. We show the resulting three-dimensional activesite hydration map with this same color coding in Figure 2 .
The hydration site map depicted in Figure 2 elucidated several features of the experimentally known SAR of the fXa ligands. Factor Xa inhibitors generally bind in an L-shaped conformation, where one group of the ligand occupies the anionic S1 pocket lined by residues Asp189, Ser195, and Tyr228 and another group of the ligand occupies the aromatic S4 pocket lined by residues Tyr99, Phe174, and Trp215. Typically, a fairly rigid linker group will bridge these two interaction sites. The solvent analysis identified three enthalpically unfavorable hydration sites, sites 13, 18, and 21, solvating the fXa S4 pocket. This finding agreed with the experimental result that the S4 pocket has an exceptionally high affinity for hydrophobic groups. 7, 8 We also identified a single, very high excess chemical potential hydration site, site 12, solvating Tyr228 in the S1 pocket. Several studies have found that introducing a ligand chlorine atom at this location, and hence displacing the water from this site, makes a large favorable contribution to the binding affinity. 9-12 Additionally, we identified an energetically depleted hydration site, site 17, solvating the disulfide bridge between Cys191 and Cys220. We expect that displacement of water from this site would make favorable contributions to the binding free energy. This agrees with several reported chemical series targeting this site. [13] [14] [15] We compared this hydration map with the locations of activesite crystallographic waters from the fXa apo-structure, crystal structure 1HCG. 16 Of the 11 crystallographic waters that resolve within the fXa active site, 9 are within 1.5 Å of a hydration site, and all of the crystallographic waters are within 2.5 Å of a hydration site. One difficulty in the comparison is that we identified in the active site many more hydration sites than crystallographically resolved waters. However, this discrepancy is expected since the 1HCG crystal structure was only solved to a resolution of 2.2 Å, and it has been noted that the number of crystallographic water molecules identified in X-ray crystallography of proteins is quite sensitive to resolution (an average a Occupancy is the number of water-oxygen atoms found occupying a given hydration site during the 10 ns of molecular dynamics simulation.
-TS e is the excess entropic contribution to the free energy calculated from a truncated expansion of the excess entropy in terms of correlations in the single particle translational and rotational density. E is average energy of interaction of the water molecules in a given hydration site with the rest of the system. The #nbrs value is the average number of neighboring waters found within a 3.5 Å oxygen atom-to-oxygen atom distance from a water occupying the specified hydration site. The #HBnbrs value is the average number of neighboring water oxygens found within a 3.5 Å distance from the water oxygen occupying the specified hydrations site that make a less than 30°oxygen-oxygen-hydrogen hydrogen-bonding angle with this water., The %HB value is the #HBnbrs/#nbrs fraction. Exposure is the #nbrs value divided by the bulk #nbrs value found in the bulk fluid. b The truncated expansion of the excess entropy used included only the first-order terms. The first-order excess entropic term for all neat fluids is strictly zero; however, the second-order and larger terms will be quite large. Figure 1 . System interaction energies (E) and the excess entropic contribution to the free energy (-TS e ) of water molecules in the principal hydration sites of the factor Xa active site. The system interaction energy is the average energy of interaction of the water molecules in a given hydration site with the rest of the system, and the excess entropic contribution to the free energy is calculated from a truncated expansion of the excess entropy in terms of correlation functions. Those hydration sites that were expected to make large energetic contributions when evacuated by the ligand are circled in gray, those expected to make large entropic contributions are circled in green, and those expected to make both entropic and enthalpic contributions are circled in purple. of 1.0 crystal waters per protein residue is expected at a resolution of 2 Å, but an average of 1.6-1.7 crystal waters per residue is expected at a resolution of 1 Å). 17 The number and location of crystallographic waters identified in X-ray crystallography of proteins have also been found to be sensitive to temperature, pH, solvent conditions, and the crystal packing configuration. 18, 19 Given these sources of noise, we found our agreement was satisfactory and in line with other similar comparisons of the solvent distributions obtained from molecular dynamics simulations and with those obtained from X-ray crystallography. 20 To better quantify the visual correlation of the known SAR of fXa binding compounds and thermodynamic properties of the hydration sites, we constructed a simple five-parameter scoring function based upon the hydration map of the fXa active site that attempts to rank the relative binding affinities of congeneric fXa ligands. This scoring function was based on the following physical principles: (1) if a heavy atom of a ligand overlapped with a hydration site, it displaced the water from that site; and (2) the less energetically or entropically favorable the expelled water, the more favorable its contributions to the binding free energy. A hydration site would contribute to the binding free energy if its excess entropy or system interaction energy were beyond the fitted entropy and energy cutoff parameters, S co and E co , respectively. A flat reward was given for any hydration site that had excess entropies or system interaction energies that were beyond these values. The amplitudes of the reward values, S rwd and E rwd , were fit accordingly. A fit cutoff distance (R co ) was used to determine whether a heavy atom of the ligand displaced water from a hydration site. If the ligand heavy atom had the same position as the hydration site, the full values of S rwd and E rwd would be awarded. The reward was then linearly reduced to zero over the distance R co . This scoring function was implemented as where ∆G bind is the predicted binding free energy of the ligand, E hs is the system interaction energy of a hydration site, S hs e is the excess entropy of a hydration site, and Θ is the Heaviside step function. We will refer to this implementation as the "displaced-solvent functional". Implementing this displacedsolvent functional was particularly simple since it is merely a sum over the ligand heavy atoms and a restricted sum over the entropically structured and energetically depleted hydration sites, with a linear function of the hydration-site-ligand-atom approach distance as its argument. Note that some hydration sites contributed in both the entropic and energetic sums. We also constructed a three-parameter scoring function based on the same principles as the five-parameter scoring function, where the value of R co was set to 2.8 Å and the values of S rwd and E rwd were forced to be equal, and an "ab initio" parameter free form of the scoring function, where contributions from all of the hydration sites were included, the S rwd and E rwd values were taken to be S rwd ) S hs e and E rwd ) E bulk -E hs , and an approximate value R co ) 2.24 Å was deduced from physical arguments (see Methods). One minor technical point was that, in the ab intio form of the scoring function, the maximum contribution from any given hydration was capped to never exceed ∆G hs ) (E bulk -E hs ) -TS e , i.e., the total computed transfer free energy of a hydration site into the bulk fluid. For the three-and five-parameter functionals, we determined the optimal values of parameters R co , E co , E rwd , S co , and S rwd by ∆G bind ) ∑ lig,hs
fitting to the binding thermodynamics of a set of 31 congeneric ligand pairs and a set of 28 ligands found in crystal structures (see Methods).
It is important to note that this functional was not intended to compute the absolute binding affinity of a given ligand and receptor. Computing absolute binding affinities would require terms that describe the loss of entropy of binding the ligand, the strength of the interaction energy between the ligand and the protein, and the reorganization free energy of the protein in addition to the contributions of solvent expulsion described here. However, for congeneric ligands that differ by only small chemical modifications, these additional contributions are likely quite small (given that those modifications are complementary to the protein surface). The ability of the proposed form of the scoring function to describe free energy differences between such congeneric ligand pairs tests if the thermodynamic consequences to the binding free energy of these small modifications can be largely understood from only the properties of the excluded solvent.
2. Development and Testing of the Displaced-Solvent Functional on the Set of the Congeneric Inhibitor Pairs. We prepared a data set of 31 congeneric inhibitor pairs of fXa (see Methods) (Table 2 ). These 31 congeneric inhibitor pairs were pairs of fXa ligands that differed by at most three chemical groups. We expected that excluded solvent density effects would dominate this data set since the other terms s the protein reorganization free energy, ligand conformational entropy, etc. s would be largely a consequence of the ligand scaffold shared by both members of the pair. We optimized the parameters of the displaced-solvent functionals to reproduce the experimentally measured differences in binding affinity between each of these congeneric ligand pairs. We also estimated the error of the resulting functionals with LOO cross-validation. The resulting values of the parameters can be found in the Supporting Information Table 1 a Our predicted activity differences from the trained three-parameter and five-parameter displaced-solvent functionals and MM-GBSA method. When a ligand was taken from a solved crystal structure, the ligand was designated "(PDB id):(ligand residue name)", and when the ligand was built from congeneric series data, the ligand was designated "(first author of the reporting publication):(molecule number in the reporting publication)". 
Thermodynamics of Factor Xa Ligand Binding
A R T I C L E S coefficient (R 2 ) was 0.81 for both the five-parameter and threeparameter functionals and 0.63 for the ab initio functional. Under LOO cross-validation, the R 2 values of the five-parameter and three-parameter functionals only degraded to 0.75 and 0.80, respectively. From the good numerical agreement observed over the 6 kcal/mol free energy range of modifications plotted in Figures 3 and 4 , and Supporting Information Figure 1 , we found that this technique well differentiated modifications that make large contributions to the binding affinity from modifications that make only small modifications to the binding affinity for this fXa test system. The excellent predictive ability of the displaced-solvent functional on this series confirms that the effect on the binding free energy of small complementary chemical modifications to existing leads can largely be understood by an analysis of the molecular properties of the solvent alone. Despite the effectiveness of the displaced-solvent functional describing the binding thermodynamics of this set, it is difficult to judge the success of the method in describing novel solvation physics without direct comparison to the results of more commonly used continuum theories of solvation. Toward this end, we performed MM-GBSA calculations for each of the congeneric ligand pairs (see Methods). The agreement of the MM-GBSA calculations with the experimental data was fair (R 2 ) 0.29) but substantially worse than the results obtained by the displaced-solvent functional. The plot of the data in Figure 5 shows that, although the MM-GBSA results did correlate with the experimentally measured binding affinities, the binding thermodynamics of several of the congeneric pairs was poorly described by the MM-GBSA methodology. These results suggest that the set of congeneric pairs is a challenging test set for state-of-the-art continuum methodologies and that the displaced-solvent functional captures molecular length scale solvation physics relevant to the binding thermodynamics of these compounds that may be missing from other continuum and electrostatic theories of solvation.
Characterization of the Contributions of the Evacuated Hydration Site As Predicted by the Functionals with Direct
Comparison with Experiment for Selected Congeneric Pairs. 3.1. Young:38-2J4I:GSJ. Congeneric ligands Young:38 and 2J4I:GSJ, depicted in Figure 6 , were representative of the types of modifications we correctly predicted would contribute most strongly to the binding affinity. These ligands differ in that GSJ has an additional isopropyl group located in the S4 pocket. This isopropyl group fills a portion of the S4 pocket that is lined by the side chains of residues Tyr99, Phe174, and Trp215 and, in the absence of the ligand, is principally solvated by hydration sites 13, 18, and 21. Hydration site 13 is in close contact (<4.5 Å) with each of these three aromatic side chains and has a very low exposure parameter of 0.53. Water molecules in this hydration site cannot form hydrogen bonds with the hydrophobic protein and maintain only an average of 2.05 water-water hydrogen bonds, which leads to relatively unfavorable system interaction energies. The hydrogen bonds that it does form are mainly donated by hydration sites 18 and 21 and very rarely by hydration site 1. The orientational and translational restrictions necessary to maintain this hydrogen-bonding profile result in relatively unfavorable excess entropies for water at this hydration site. The hydrophobic enclosure for hydration sites 18 and 21 is not as tight (exposure parameters of 0.66 and 0.74, respectively); however, the environment is otherwise qualitatively similar. Both of these hydration sites have above average system interaction energies due to the hydrophobic bulk of the protein enclosing them, and hydration site 18 was also identified by our empirical criteria to be entropically unfavorable, although it was a borderline case. GSJ's additional isopropyl group expels water from all three of the above-described hydration sites: hydration sites 13 and 18 were predicted by the optimized displaced-solvent functionals to make both energetic and entropic contributions to binding, and hydration site 21 was predicted to make only energetic contributions.
The experimentally measured affinity difference between these two compounds is ∆∆G exp ) -6.26 kcal/mol. The optimized three-parameter, five-parameter, and ab initio functionals predicted ∆∆G 3p ) -4.87 kcal/mol, ∆∆G 5p ) -4.83 kcal/mol, and ∆∆G ab initio ) -5.67 kcal/mol, respectively. This agreed with the experimental finding that adding an isopropyl group to ligand Young:38 at this location makes a large and favorable contribution to the binding free energy. The MM-GBSA ∆∆G for this pair of ligands is predicted to be -7.27 kcal/mol, which also agrees well with ∆∆G exp . The congeneric ligands Young:32/Young:33 (∆∆G exp ) -4.11 kcal/mol) have precisely the same hydrogen/isopropyl substitution as the Young: 38/2J4I:GSJ pair and, therefore, the same values for ∆∆G 3p and ∆∆G 5p of -4.87 and -4.83 kcal/mol, respectively, which match very well with ∆∆G exp . However, for this pair of ligands, the MM-GBSA predicted ∆∆G is -7.72 kcal/mol, which is more negative than the experimental value by 3.61 kcal/mol. Visual inspection of the MM-GBSA structure does not reveal the origin of this discrepancy.
3.2. 1MQ5:XLC-1MQ6:XLD. The congeneric ligands 1MQ5: XLC and 1MQ6:XLD are depicted in Figure 7 . This pair has a more subtle modification of the group binding the S4 pocket than the Young:38-2J4I:GSJ congeneric pair described above. For this pair, the S4 binding group found in ligand 1MQ6:XLD overlapped with hydration sites 13 and 20, whereas the S4 binding group of ligand 1MQ5:XLC did not. As noted above, expulsion of water from hydration site 13 is expected to make both favorable energetic and entropic contributions to binding. Water in hydration site 20 has favorable energetic interactions due to several well-formed hydrogen bonds: water molecules occupying this the site predominately donate a hydrogen bond to the backbone carbonyl group of Glu97, nearly always receive a hydrogen bond from hydration site 4, and have good hydrogenbonding interactions with hydration site 35. Hydration site 20, though, also incurred unfavorable contributions to its excess entropy due to the structuring required to maintain these favorable interactions. When displaced by the S4 binding group of ligand 1MQ6:XLD, an electropositive carbon (the carbon is bound to an oxygen) comes into close contact with the backbone carbonyl group of Glu97. This electropositive carbon likely recaptures much of the interaction energy between the protein carbonyl group and the water in hydration site 20 without the associated entropic cost. From these water thermodynamics considerations, the optimized three-parameter, five-parameter, and ab initio displaced-solvent functionals predict affinity differences of ∆∆G 3p ) -2.85 kcal/mol, ∆∆G 5p ) -2.54 kcal/ mol, and ∆∆G ab initio ) -2.97 kcal/mol, respectively. The experimental difference in binding affinity between the two ligands is ∆∆G exp ) -2.94 kcal/mol. The MM-GBSA-predicted ∆∆G for this pair of ligands is -4.22 kcal/mol.
3.3. 2BQ7:IID-2BQW:IIE. The congeneric ligands 2BQ7: IID and 2BQW:IIE are depicted in Figure 8 . This congeneric pair isolates the contribution of inserting a ligand chlorine atom into the region of the S1 pocket lined by the side chains of residues Ala190, Val213, and Tyr228. The chlorine atom on 2BQW:IIE displaces water from hydration site 12, which is tightly enclosed by the side chains of residues Ala190, Val213, and Tyr228. The exposure parameter of this hydration site is only 0.32. This extremely tight enclosure by hydrophobic groups caused the system interaction energy of water in this hydration site to be several kilocalories per mole less favorable than in the neat fluid. Water molecules in this site maintained hydrogen bonds with its few water neighbors 92% of the simulation time, which made unfavorable contributions to its excess entropy. The location of this hydration site coincided with the location of a structurally conserved water molecule that several studies have shown is favorable to displace. 10,11 Several studies have suggested that the free energy contribution of expelling this structurally conserved water should be close to the theoretical maximum of 2.0 kcal/mol derived by Dunitz from the thermodynamics of inorganic hydrates. 10, 12, 21 The Dunitz upper bound, however, is inappropriate here since it includes only entropic contributions. Since water in this region suffers from both poor The hydration sites that receive an energetic score in eq 1 are depicted in gray wireframe, the hydration sites that receive an entropic score are depicted in green wireframe, and the hydration sites that receive both energetic and entropic scores are depicted in purple wireframe. Several hydration sites discussed in the text are labeled in yellow. The experimentally measured affinity difference between these two compounds is ∆∆Gexp ) -6.26 kcal/mol. The optimized three-and five-parameter functionals predicted ∆∆G3p ) -4.87 kcal/mol and ∆∆G5p ) -4.83 kcal/mol, respectively. The isopropyl group of ligand 2J4I:GSJ displaces three energetically depleted hydration sites, two of which are predicted to also be entropically structured, which resulted in a large predicted contribution to the binding affinity of the complex. energetic interactions and entropic penalties due to structuring, the contribution to the binding free energy from displacing this water molecule may be much greater. The experimentally measured affinity difference between these two compounds is ∆∆G exp ) -2.01 kcal/mol, whereas the optimized threeparameter, five-parameter, and ab initio functionals predicted ∆∆G 3p ) -1.73 kcal/mol, ∆∆G 5p ) -1.95 kcal/mol, and ∆∆G ab initio ) -5.42 kcal/mol, respectively. In contrast, the MM-GBSA-predicted ∆∆G is -8.81 kcal/mol.
3.4. 1V3X:D76-Haginoya:57. The congeneric ligands 1V3X: D76 and Haginoya:57 are depicted in Figure 9 . Ligand Haginoya:57 has an additional amide group which is oriented away from the protein in the linker region of the complex. The displaced-solvent functionals correctly predicted that the addition of this group has a marginal contribution to the binding affinity. This is because the amide group does not displace water from any contributing hydration site. It is interesting to note that the size of this added group is approximately equal to that of the isopropyl group added in the pair Young:38-2J4I:GSJ. This underscored that the displaced-solvent functional evaluated a weighted shape complementarity s i.e., it rewarded the introduction of complementary groups where predicted to make large contributions from the solvent properties and did not reward shape complementarity away from these regions. The experimentally measured affinity difference between these two compounds is ∆∆G exp ) -0.05 kcal/mol. The optimized threeparameter, five-parameter, and ab initio functionals all predict no significant affinity difference between the two compounds, consistent with the experimental ∆∆G. In contrast, MM-GBSA predicts a ∆∆G of +6.45 kcal/mol and therefore appears to be over-predicting the contribution of the amide group to the binding of ligand 1V3X:D76.
3.5. 1NFX:RDR-1NFW:RRR. Congeneric ligands 1NFX: RDR and 1NFW:RRR are depicted in Figure 10 . These ligands differ by a substantial modification to the ring that binds the S1 pocket. They also differ by the removal of an ethanol group that is distant from any contributing hydration sites. The S1 binding group of ligand 1NFX:RDR has a sulfur atom in close contact with Ser195. This sulfur atom displaces water from hydration site 5, whereas ligand 1NFW:RRR does not displace water from this site. Water molecules in this hydration site have favorable interactions with the protein and the surrounding waters but are entropically structured. The structuring and corresponding entropic penalties come from the large degree of enclosure (exposure parameter of 0.5) in combination with the energetic demands of maintaining favorable hydrogenbonding interactions with the protein and surrounding water; most notably, a persistent hydrogen bond is donated from Ser195 to the water molecules in this site. The displacement of water leads the optimized three-parameter, five-parameter, and ab initio functionals to predict ∆∆G 3p ) +1.94 kcal/mol, ∆∆G 5p ) +1.53 kcal/mol, and ∆∆G ab initio ) +0.21 kcal/mol, respectively. However, the experimentally measured difference in binding affinities is ∆G exp ) -0.59 kcal/mol. We believe the scoring function preformed poorly for this inhibitor pair because the sulfur atom in the benzothiophene group of ligand 1NFX: RDR and Ser195 breaks our underlying assumption that the added chemical groups must be complementary to the protein surface. Thus, though the displacement of water from hydration site 5 should contribute favorably to the binding free energy, it . Ligand 1MQ5:XLC (left) and ligand 1MQ6:XLD (right) in the factor Xa active site. The hydration sites that receive an energetic score in eq 1 are depicted in gray wireframe, the hydration sites that receive an entropic score are depicted in green wireframe, and the hydration sites that receive both energetic and entropic scores are depicted in purple wireframe. Several hydration sites discussed in the text are labeled in yellow. The experimentally measured affinity difference between these two compounds is ∆∆Gexp ) -2.94 kcal/mol. The optimized three-and five-parameter functionals predicted ∆∆G3p ) -2.85 kcal/mol and ∆∆G5p ) -2.54 kcal/mol, respectively. Unlike the S4 group of ligand 1MQ5:XLC, the S4 pocket group of ligand 1MQ6: XLD displaced the energetically depleted and entropically structured hydration site 13 and partially displaced entropically structured hydration sites 20, which resulted in a large solvent-related contribution to the binding affinity quantitatively predicted by our theory. is more than offset by the loss of hydrogen-bonding energy between the water and Ser195. This resulted in the displacedsolvent functional predicting 1NFX:RDR would be the tighter binding ligand, in disagreement with the experimental data. Interestingly, MM-GBSA also over-predicts the stability of ligand 1NFX:RDR relative to ligand 1NFW:RRR; the MM-GBSA ∆∆G is +2.01 kcal/mol. The minimized MM-GBSA complex associated with ligand 1NFX:RDR incorrectly produces a strong hydrogen bond between the Ser195 side chain and the sulfur atom in the benzothiophene group of the ligand, which is the result of erroneous conformational change in the side chain of Ser195.
Development and Testing of the Displaced-Solvent Functional on the Set of 28 Factor Xa Crystal Structure
Ligands. In addition to the set of 31 congeneric pairs, we prepared a data set of 28 inhibitors taken from solved fXa crystal structures (see Methods) (Table 3 ). These fXa ligands belonged to many different congeneric series and typically did not share a common chemical scaffold with each other. In the previous section, we hypothesized that the contributions to the free energy of binding from changes in conformational entropy, proteinligand interaction energy, and protein reorganization free energy would be similar for ligand pairs that shared a common chemical scaffold. If this was the case, we posited that the differences in the binding free energies of congeneric pairs could be understood mainly by an analysis of the displaced solvent alone. The success of the displaced-solvent functionals outlined in the previous section supports the validity of this hypothesis. However, for ligand pairs that do not share a common scaffold, we would expect that differences in these contributions would not be small and that predictions based solely on an analysis of the solvent would be less successful. Despite this concern, since the functional performed well over the set of congeneric pairs, we were interested in determining how much of the binding affinities of these ligands could be understood from only the contributions described by the displaced-solvent functional, as measured by the root-mean-square deviation (rmsd), absolute average error, and R 2 values. To study this question, we optimized the three-and five-parameter displaced-solvent functionals to reproduce the experimentally measured differences in binding affinities between 378 unique ligand pairs (all combinations) of this 28 ligand set, and we performed LOO cross-validation to better estimate the error of the functionals. The optimal values of the parameters can be found in Supporting Information Table 2 , and the agreement of the fit functionals and the ab initio functional with the experimental data can be found in Figures 11 and 12 , and Supporting Information Figure  2 . Although the three-and five-parameter functionals could be tuned to correlate reasonably well with the experimental data (R 2 ) 0.50 and 0.48, respectively), the performance under LOO cross-validation suggested substantial over-fitting of the fiveparameter functional (LOO R 2 ) 0.11). Notably though, the cross-validated R 2 of 0.30 (p-value of 0.24% as determined by a Monte Carlo permutation test) for the three-parameter fit indicated that terms of the type described by the displacedsolvent functional are likely important to understanding the absolute binding thermodynamics of fXa ligand, but it also clearly indicated that more traditional terms will also be needed to quantitatively predict absolute binding free energies with desired accuracies. The hydration sites that receive an energetic score in eq 1 are depicted in gray wireframe, the hydration sites that receive an entropic score are depicted in green wireframe, and the hydration sites that receive both energetic and entropic scores are depicted in purple wireframe. Several hydration sites discussed in the text are labeled in yellow. The experimentally measured affinity difference between these two compounds is ∆∆Gexp ) -2.01 kcal/mol. The optimized three-and five-parameter functionals predicted ∆∆G3p ) -1.73 kcal/mol and ∆∆G5p ) -1.95 kcal/mol, respectively. Unlike the S1 group of ligand 2BQ7:IID, the S1 pocket group of ligand 2BQW:IIE displaces the energetically depleted and entropically structured hydration site 12 found within the S1 subgroove. The contribution to the binding affinity predicted by the three-parameter and five-parameter displaced-solvent functionals agreed with experiment.
In both the three-and five-parameter fits of the displacedsolvent functional to the set of 28 crystal structure ligands, two particular ligands, 1MQ6:XLD and 1FJS:Z34, were consistently the worst outliers in the set. Both of these ligands have excellent overlap with contributing hydration sites but were out scored by ligands that placed larger aromatic groups at similar positions in the binding pocket, such as ligands 1Z6E:IK8, 2FZZ:4QC, and 2G00:5QC. This error was expected because our pairwise reward of atoms in close contact with the hydration sites approximated to what degree the contributing hydration sites were displaced by the surface of the ligand. Thus, when an aromatic group displaced a hydration site, a disproportionately large number of ligand atoms contributed in the displacedsolvent functional, since the tighter covalent bonding in these groups placed many ligand atoms closer in space to the hydration site than could be seen otherwise. We should note that this systematic error was likely much less problematic in the set of congeneric pairs because the pathological bulky aromatic groups typically appeared in both congeners, leading to an exact cancellation of this error. When ligands 1MQ6:XLD and 1FJS:Z34 were excluded from the fit, the LOO crossvalidation of the three-and five-parameter functionals yield R 2 values of 0.40 and 0.55, respectively. This dramatic improvement of the stability and quality of the fit underscores how poor the linear pairwise approximation of the excluded volume of the ligand was for inhibitors 1MQ6:XLD and 1FJS:Z34. It is also possible that the known favorable electrostatic interaction between 1FJS:Z34 and the fXa S4 pocket, which was not described by the displaced-solvent functional, contributed to 1FJS:Z34 being an outlier in this data set. 22
Cross Testing of the Trained Displaced-Solvent Density
Functionals. It was interesting to check the transferability of the parameters trained on the set of 31 congeneric inhibitor pairs to the set of 28 crystal structure ligands (Supporting Inforfmation Table 3 ). The optimized three-and five-parameter functionals trained on the set of 31 congeneric inhibitor pairs each had R 2 values of 0.17 when predicting the relative binding affinities of the 28 crystal structure ligands to fXa. The functionals performed poorly because the values of the parameters we obtained from training to the set of congeneric pairs typically predicted the difference in binding affinity between crystal structure pairs to be much too large (often greater than 10 kcal/ mol). The reason for this may be subtle: typically only the tightest binding compound of a series will be crystallized, and even then it is typically crystallized only if it binds with a submicromolar affinity. Thus, if a ligand displaces a suboptimal portion of the active-site solvent density, then it, by construction, becomes a crystallized ligand only if it is possible to tune the other contributions to the free energy (ligand entropy, ligand desolvation free energy, protein ligand interaction energy, etc.) to offset this suboptimal active-site-solvent evacuation, resulting in the needed submicromolar affinity. So the magnitude of the contributions predicted by the displaced-solvent functionals may be qualitatively correct, but the other terms not described by the functional systematically offset them.
We found an interesting contrast to this result when we used the three-and five-parameter functionals trained on the set of 28 crystal structure ligands to predict the binding affinity The hydration sites that receive an energetic score in eq 1 are depicted in gray wireframe, the hydration sites that receive an entropic score are depicted in green wireframe, and the hydration sites that receive both energetic and entropic scores are depicted in purple wireframe. Several hydration sites discussed in the text are labeled in yellow. The experimentally measured affinity difference between these two compounds is ∆∆Gexp ) -0.05 kcal/mol. The optimized three-and five-parameter functionals predicted ∆∆G3p ) 0.0 kcal/mol and ∆∆G5p ) 0.0 kcal/mol, respectively. The addition of the amide group to ligand D76 contributes negligibly to the binding affinity of the complex, which the method predicted from the location of the amide group away from any structured or energetically depleted hydration sites.
differences of the set of 31 congeneric inhibitor pairs. We found the three-and five-parameter functionals trained on the set of crystal structure ligands predicted the binding affinity differences of the set of 31 congeneric inhibitor pairs with R 2 values of 0.53 and 0.59, respectively. This result suggested that the functional form of the displaced-solvent functional may have fundamental features that lend themselves to ranking the binding affinities of compounds that differ by deletions of atoms s i.e., as long as the chosen parameters are physically reasonable, the performance of the functional over congeneric sets of this kind may be quite good. The hydration sites that receive an energetic score in eq 1 are depicted in gray wireframe, the hydration sites that receive an entropic score are depicted in green wireframe, and the hydration sites that receive both energetic and entropic scores are depicted in purple wireframe. Several hydration sites discussed in the text are labeled in yellow. The experimentally measured affinity difference between these two compounds is ∆∆Gexp ) -0.59 kcal/mol. The optimized three-and five-parameter functionals predicted ∆∆G3p ) +1.94 kcal/mol and ∆∆G5p ) +1.53 kcal/mol, respectively. The poor agreement of the theory with experiment here is due to the poor interaction energy of the S1 pocket sulfur atom of 1NFX:RDR with Ser195 compared with hydration 5, which is not displaced when ligand 1NFU:RRR docks with the receptor.
Figure 11.
Computed activities using the five-parameter form of eq 1 versus experimental activities for the set of 28 inhibitors with factor Xa. The poor stability of the fit under cross-validation suggested substantial over-fitting.
Conclusions
Our results suggest that the expulsion of active-site water strongly impacts protein-ligand binding affinities in two ways: (1) hydrophobic ligand groups that displace water from energetically unfavorable (hydrophobically enclosed) environments contribute enthalpically since the water molecules will make more favorable interactions in the bulk fluid; and (2) ligand groups that displace entropically structured solvent contribute even when the solvent interacts favorably with the protein since well-designed ligands will recapture the proteinwater interaction energy. The congeneric inhibitor pair Young: 38-2J4I:GSJ is a particularly clear example where the expulsion of active-site water that solvates an energetically unfavorable environment led to large favorable contributions to the binding free energy. In contrast, the congeneric pair 1MQ5:XLC-1MQ6: XLD offered an interesting example of the expulsion of water from a hydration site with a favorable interaction energy and unfavorable excess entropy. The expulsion of water from this hydration site was found to be favorable by our empirical criteria, presumably because the ligand group that displaces this water does a reasonably good job recapturing the interaction energy of the solvent with the protein with less entropic cost. The congeneric inhibitor pair 2BQ7:IID-2BQW:IIE illustrated that these two solvent categories, energetically unfavorable and entropically unfavorable, are by no means mutually exclusive and that the evacuation of solvent from the protein active site will often make both entropic and enthalpic contributions to the binding free energy. Instrumental to our analysis is the assumption of complementarity s that is, that the difference between the water-protein energetic interactions and the ligand-protein interactions was expected to be small. This assumption is valid when the ligands form hydrogen bonds with the protein where appropriate and hydrophobic contacts otherwise; however, the congeneric ligand pair 1NFX:RDR/1NFW: RRR illustrated that ligands that violate this hypothesis will often be mistreated by the method. This has relevance to modern drug design since it suggests that it is misleading to look at particular crystal waters as favorable or unfavorable to displace, as is often done in structure-based drug design. Instead, it may be more productive to consider how thermodynamically favorable displacing a crystal water will be when it is displaced by a complementary chemical group of a ligand.
The empirical functionals we developed were quite successful at quantifying the contributions to the free energy of binding due to the ligand evacuating energetically unfavorable and entropically structured solvent for the set of congeneric pairs. They were able to differentiate those modifications to an existing ligand scaffold that made small contributions to the binding affinity of the complex from those modifications that made large contributions over a 6 kcal/mol range. In their present form, the three-and five-parameter functionals may be useful to lead optimization, since the functionals appeared to well describe the thermodynamics of adding small chemical groups to a given ligand scaffold that are complementary to the protein surface. The performance of the functionals on the set of 28 crystal structure ligands suggests that terms of this type may make large contributions to binding; however, these functionals should not be used as a stand-alone tool for computational screening of chemically diverse compounds. The reason for this was clear: the displaced-solvent functionals presented here neglect several terms which will vary considerably over sets of chemically diverse ligands. These terms include the protein-ligand electrostatic and van der Waals interaction energies, ligand solvation free energy, ligand configurational entropy, and proteinreorganization free energy. Thus, a functional designed for computational screening would have to include additional terms describing these types of contributions to the free energy in addition to those contributions captured by the displaced-solvent functional.
Methods
Structure Preparation and Simulation.
We chose to use PDB crystal structure 1FJS as our initial model of the fXa protein. 22 This structure was imported into the Maestro 23 program, all crystallographic waters were deleted, and hydrogens were added to the structure assuming a pH 7 environment. Chain L of the crystal structure was also deleted, since it contained no atoms within 20 Å of the fXa active site. We then used the protein preparation utility found in Maestro to run a restrained minimization of the protein in the presence of the 1FJS crystal structure ligand. 24 This removed bad steric contacts and improved the quality of the protein-protein and protein-ligand hydrogen-bonding without large rearrangements of the protein heavy atoms. Using the OPLSAA-2001 25 potential, we imported this model of the protein into a modified version of GROMACS 26,27 prepared by Shirts et al. We then solvated the system in a cubic TIP4P 28 water box, where each boundary was greater than 10 Å away from the protein, and added one chlorine ion to neutralize the system.
We minimized the energy of the system to relieve bad steric contacts between the protein and the water and equilibrated the system for 100 ps with the velocity version of the Verlet integrator 29 and Berendsen 30 temperature and pressure controls at 298 K and 1 bar, where a frame of the system was saved every 1 ps. The Lennard-Jones interactions were truncated at 9 Å, the electrostatic interactions were described exactly for pairs within 10 Å and by Particle Mesh Ewald 31,32 for pairs Figure 12 . Computed activities using the three-parameter form of eq 1 versus experimental activities for the set of 28 inhibitors with factor Xa. The moderate stability of the fit under cross validation suggested the problems associated with over fitting were reduced when the three parameter form of eq 1 was used.
outside of this radius, and all protein heavy atoms were harmonically restrained with spring constants of 1000 kJ mol -1 nm -2
. We used the final 10 ps of equilibration data to seed 10 different 1 ns molecular dynamics trajectories with the velocity version of the Verlet integrator, 29 Andersen 33 temperature controls, and Parrinello-Rahman 34, 35 pressure controls at 298 K and 1 bar. For these simulations, the Lennard-Jones, electrostatic forces, and harmonic restraints on the heavy atoms of the protein were the same as in the equilibration simulations. Frames of this simulation were saved every 1 ps.
The MM-GBSA 5,6 calculations of the protein-ligand binding affinities were carried out using Prime 1.6 and were set-up using the graphical user interface available in Maestro 8.0. The free energy of binding was estimated using the following equation: ∆G binding ) Ecomplex-(minimized) -Eligand(from minimized complex) -Ereceptor(from minimized complex). The OPLS-AA-2001 potential 25 was used to model the protein and the ligand, and the Surface Generalized Born 49 model was used to describe the polar and nonpolar contributions of the solvent. The protein and ligand coordinates used for these calculations were taken directly from the reported crystal structure for the particular ligand. The energy of each protein/ligand complex was determined by minimizing the ligand and residues within 8 Å of the ligand. The energies of the ligand and receptor are from the minimized complex, so the estimated binding energy is the protein-ligand interaction energy without accounting for ligand or receptor strain. For each ligand pair that involved one cocrystallized ligand and one modified ligand (constructed as described in Method section 3), the receptor that was used for the MM-GBSA was the prepared (as described Methods section 3) PDB structure associated with the co-cocrystallized ligand. For ligand pairs in which both ligands are cocrystallized, two MM-GBSA runs were conducted using both protein structures associated with each of the ligands, and the results were reported for the receptor structure that yielded the smallest change in the ligand conformation following the MM-GBSA calculation.
Active-Site Hydration Analysis.
In order to analyze the thermodynamic and structural properties of the water molecules hydrating the fXa active site, we needed to develop some sensible definition for when a solvating water should be considered within the fXa active site and when it should not. 2 We used a set of 35 ). We computed a multiple structure alignment between the 35 fXa crystal structures containing inhibitors and our prepared fXa model structure. This alignment rotated the crystal structures onto our prepared fXa structure. This procedure also rotated the inhibitors found in these crystal structures into the active site of our prepared model fXa structure. The results of these alignments were hand-inspected for severe steric clashes, and none were found. Using this set of aligned structures, we defined the active site as the volume containing all points in space that are within 3 Å of any ligand heavy atom. The position of the active-site volume was constant throughout the simulation because the protein heavy atoms were harmonically restrained. The coordinates of all waters observed within this region of space during the 10 ns of simulation data were saved every 1 ps. We considered this water distribution to be the equilibrium distribution of water within the fXa active site, and we characterized its thermodynamic properties with inhomogeneous solvation theory along with several other measures of local water structure.
The application of inhomogeneous solvation theory to the heterogeneous surface of a protein active site where the solvating waters can exchange with the bulk fluid is highly nontrivial. Although the difficulty posed by waters exchanging with the bulk fluid is alleviated by our definition of the active site, the inhomogeneous topography of the protein surface made the orientational distributions of the water molecules highly dependent on their position within the active site. Following procedures we previously developed, 2 we partitioned the active-site volume into small subvolumes which we denote "hydration sites" and treated the angular distributions as independent of position in these subvolumes. We identified the subvolumes by applying a clustering algorithm to partition the solvent density distribution into a set of high-water-occupancy, 1 Å radius spheres. This algorithm cycled through the positions of the oxygen atom of every water molecule found in the active-site solvent density distribution and found the position that has the greatest number of water neighbors within a 1 Å radius. We denoted this position as a hydration site and removed it and all of the oxygen positions within 1 Å of it from the solvent density distribution. This process was then repeated, cycling through the remaining positions. This loop was terminated when the clustering algorithm identified a hydration site with a water-oxygen occupancy less than twice the expected value of a 1 Å radius sphere in the bulk fluid. These hydration sites are well-defined subvolumes of the active site and have good convergence properties for the inhomogeneous solvation theory machinery since they have sparse water density toward the edges of the clusters.
We performed an inhomogeneous solvation theory analysis of the thermodynamic properties of each hydration site to elucidate how the properties of the solvating water may affect the thermodynamics of fXa inhibitor association. Consistent with our prior work, we defined the system interaction energy (E hs) of each hydration site to be the average energy of interaction of the water molecules in a given hydration site with the rest of the system. 2 We also computed the partial excess entropy (S e ) of each hydration site by numerically integrating an expansion of the entropy in terms of orientational and spatial correlation functions. 3, 45, 46 In this work we included only contributions from the first-order term for each hydration site:
where r and ω are the Cartesian position and Euler angle orientation of a water molecule, respectively, gsw(r,ω) is the one-body distribution of the water (w) at r and ω in the fixed references frame of the solute protein (s), Fω is the density of the neat TIP4P system, kb is the Boltzmann constant, Ω is the total orientational space accessible to a water molecule, and N W V is the total number of water oxygens found within a given hydration site of volume V. We numerically integrated the translational contribution to the excess entropy in spherical coordinates using a length of 0.03 Å along r, 15°along θ, and 30°a long φ, and we numerically integrated the orientational contribution with 10°along each Euler angle.
We also calculated several measures of local water structure properties for the water molecules found within each hydration site: the average number of water neighbors, the average number of hydrogen-bonding water neighbors, the fraction of the water neighbors that were hydrogen-bonding, and the water exposure of each hydration site. These averages are for all water molecules in each hydration site. The number of neighbors value is the average number of water molecules found within 3.5 Å, where the distance is measured wateroxygen to water-oxygen. We used a geometric definition of a hydrogen bond where two water molecules were deemed to be hydrogen-bonded if their oxygens were within 3.5 Å of each other and at least one oxygen-oxygen-hydrogen angle was less than 30°. The exposure value quantifies to what degree a hydration site is surrounded by other water molecules: a value of unity suggests it is in a water environment similar to the bulk fluid, and a value of zero suggests the hydration site is occluded from any other solvent molecules. The exposure value is computed as the average number of neighbors that water molecules have in a hydration site, divided by the average number of neighbors that a water molecule has in the bulk. . We computed a multiple-structure alignment between the 28 fXa crystal structures containing inhibitors and our prepared fXa model structure. This procedure rotated the 28 inhibitors found in these crystal structures into the active site of our prepared model fXa structure. The results of these alignments were hand-inspected for severe steric clashes, and none were found. The orientations of each of these 28 inhibitors with respect to our prepared model fXa structure were saved and were referred to as the 28 crystal structure ligand set.
Construction of the Factor Xa Ligand Binding Affinity Data
From this set of 28 crystal structure ligands, we prepared a set of 31 congeneric inhibitor pairs. The goal of this set of inhibitor pairs was to isolate the effects of solvent displacement on the free energy of binding. Each congeneric pair was created either by noting that two of the crystal structure ligands reported in the prior set were congeneric or by building a congeneric pair from a single-crystal structure ligand by deleting or swapping atoms of the crystal structure ligand. We devised several rules to construct this set. When any two members of the 28 crystal structure ligand set were reported in the same publication and differed by no more than three chemical groups, they were considered congeneric pairs. When the publication reporting the crystal structure ligand contained congeneric series data for structurally similar ligands, we followed three rules to build new congeneric pairs:
1. We would only delete atoms from a crystal structure ligand and not add them.
2. We would not accept deletions of atoms that resulted in a group that could rotate around a single bond and donate hydrogen bonds.
3. A congeneric pair that was built by changing the identity of a ligand atom (for instance, changing a carbon atom to an oxygen atom) must have the change applied to both members of the pair.
These three rules were intended to minimize the error of assuming that the binding mode of the new inhibitor structures, which were built from deleting and swapping atoms of the crystallized inhibitors, would not change. These rules were also intended to minimize differences in contributions to binding affinity from non-solvent-related terms for each inhibitor pair, such as the loss of entropy of docking the ligand, the strength of the interaction energy between the ligand and the protein, and the reorganization free energy of the protein. We expected that excluded solvent density effects would dominate this set since these other non-solvent-related terms contributing to the free energy of binding would be relatively constant for each congeneric pair. We also chose to compare binding affinities only between pairs of ligands that were determined in the same publication, due to the variance in experimental methods commonly employed. We referred to the resulting set as the set of 31 congeneric inhibitor pairs (Supporting Information  Table 4 ).
4. Development and Parametrization of the Displaced-Solvent Functional. We devised a five-parameter scoring function to determine if the relative binding affinities of the 28 crystal structure ligands and the binding affinity differences of the 31 congeneric inhibitor pairs correlated with the thermodynamic properties of the displaced activesite solvent. Additional discussion of the physical motivation that led us to this functional form can be found in the Results and Discussion section. The form of the functional was a sum over ligand heavy atoms and a sum over hydration sites. Each time a ligand heavy atom was found within some parametrized distance of a hydration site with an interaction energy or excess entropy predicted to be favorable to evacuate by some fit empirical criteria, an additive contribution was summed. The functional itself was where ∆G bind was the predicted binding free energy of the ligand, Rco was the distance cutoff for a ligand atom beginning to displace a hydration site, Eco was the minimum Ehs of a hydration site that was considered energetically depleted, Erwd was the energetic contribution to ∆Gbind for displacing an energetically depleted hydration site, Sco was the minimum S e term of a hydration site that was considered entropically structured, -TSrwd was the entropic contribution to ∆Gbind for displacing an entropically structured hydration site, and Θ was the Heaviside step function. We also considered a three-parameter form of this equation, where we fixed Rco ) 2.8 Å and -TSrwd ) Erwd.
The parameters were optimized by a Monte Carlo walk in parameter space. The error function we used to train the parameters was the rootmean-square-deviation of the predicted relative binding free energies of the 28 crystal ligands and the rmsd of the differences in the binding free energies of the 31 congeneric pairs. For the training of the threeand five-parameter functionals on the 28 crystal structure ligand set, we chose initial seed values of Rco ) 2.8 Å, Erwd ) -0.5 kcal/mol, -TSrwd ) -0.5 kcal/mol, Eco ) -18.5 kcal/mol, and TSco ) 1.5 kcal/ mol. Five separate 1000-step optimizations were run, where the first move was always accepted and the lowest rmsd value encountered in these optimizations was taken to be the optimal parameter set. The initial seed values used to train the three-and five-parameter functionals on the set of 31 congeneric inhibitor pairs were R co ) 2.8 Å, Erwd ) -1.0 kcal/mol, -TSrwd ) -1.0 kcal/mol, Eco ) -18.5 kcal/mol, and TSco ) 1.5 kcal/mol. The parameters were then optimized in a procedure identical to that used for the 28 crystal structure ligands.
We also constructed an "ab initio" form of the displaced-solvent functional containing no fit parameters. The functional itself was where ∆Gbind was the predicted binding free energy of the ligand, Rco was the distance cutoff for a ligand atom beginning to displace a hydration site, and ∆Ghs was the computed free energy of transferring the solvent in a given hydration site from the active site to the bulk fluid. We also capped the contribution from each hydration site, such that it would never contribute more than ∆G hs to ∆Gbind, no matter how many ligand atoms were in close proximity to it. The value Rco might be considered a free parameter. However, an approximate value was adopted by noting that the radii of a carbon atom and a wateroxygen atom are both approximately 1.4 Å, thus suggesting that contact distances between a water-oxygen atom and a ligand carbon atom less than 0.8 × (1.4 Å + 1.4 Å) ) 2.24 Å are statistically improbable due to the stiffness of the van der Waals potential. 50 Thus, we chose for the ab initio functional to specify Rco ) 2.24 Å. The sensitivity of the results reported here to this choice of the Rco parameter was quite low for adjustments of this value within a few tenths of an angstrom of the specified value. We estimated the error of the resulting optimized functionals with LOO cross-validation. In this technique, a functional is trained to an N -1 point subset of data, and then the value of point N is predicted with this functional. This is repeated N times, once for each data point, and the error of the functional is estimated by summing the error of the predictions for each of these points. The Pearson correlation coefficient (R 2 ) computed in this procedure for the N data points is bounded by the R 2 value found by training of the functional on all N data points and zero. A cross-validation R 2 value close to the R 2 value found by training of the functional on all N data points suggests that very little over-fitting has occurred when training the functional.
We performed a Monte Carlo permutation analysis to estimate the p-value of a given R 2 value. The analysis proceeded by generating 5 million random permutations of the mapping between the predicted ∆G values and the experimentally measured ∆G values. The p-value of a given R 2 value was taken to be the number of random permutations yielding an R 2 value greater than or equal to the original R 2 value, divided by the total number of permutations generated. This allowed us to very accurately estimate the probability of attaining a given R 2 value for our particular distribution without assuming any properties about the relationships between the predicted and experimentally measured distributions. 
